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We have carried out a study of the chemical reaction of silver, indium, and aluminium layers with 
cleaved GaP( 110) surfaces using photoemission with synchrotron radiation. Core level 
photoelectron spectra show that silver and indium overlayers do not cause an interface reaction 
with GaP( 110). The deposition of AI, on the other hand, leads to an extensive exchange reaction 
which also proceeds at low temperature, although influenced by changes in overlayer growth 
morphology. Surface band bending induced by the metallic overlayers was investigated as a 
function of deposition for n- and p-type material. In contrast to earlier findings, almost identical 
Schottky barrier heights for In and Ag deposition are obtained, despite the large difference in 
work function between these two metals. Results for Al also suggest that a small range of pinning 
positions is responsible for the Schottky barrier heights for junctions of these metals with 
GaP(1IO). We find that large peak shifts due to a surface photovoltage induced by the 
photoemission light source affect the determination of the Schottky barrier heights. This and 
other possible reasons for the discrepancy with earlier work are discussed. 
I. INTRODUCTION 
The possibility to characterize chemical interactions 
between a metal and a semiconductor surface, and to simul-
taneously determine the Schottky barrier height, has made 
photoelectron spectroscopy the preferred technique to study 
Schottky barrier formation on a microscopic scale. I - 3 Here 
we report experiments with indium, silver, and aluminium 
overlayers on cleaved GaP( 110) surfaces, in order to com-
pare the chemical reactions when unreactive (In, Ag) as 
well as reactive (Al) metals are deposited. We complement 
the studies of interface chemistry by a detailed investigation 
of surface Fermi level position as a function of metal layer 
thickness at both room and low substrate temperatures. The 
temperature-dependent experiments are aimed at under-
standing the influence of changes in the morphology of the 
overlayer on the evolution of the Fermi level pinning, and on 
the extent of interface reaction. The behavior of metals on 
GaP (110) is also interesting for another reason: while for 
most metal-semiconductor systems the Schottky barrier ¢b 
has been found to be largely independent of the deposited 
metal, recent reports have4 indicated that on this surface, 
ideal Schottky behavior, i.e., a linear dependence of ¢b on 
metal work function, has been found. Such behavior may 
add to an understanding of the substrate-dependent param-
eters which influence ¢b' In this study, we did not find the 
Schottky behavior reported earlier. However, we found evi-
dence for photon-induced nonequilibrium processes which 
are of wider interest beyond the investigation ofa single met-
al-semiconductor system. These processes may also affect 
the determination of surface band bending by photoemission 
in other metal-semiconductor systems. 
II. EXPERIMENTAL 
Data were recorded using two commercial angle-resolv-
ing photoelectron spectrometers (ARIES by VSW Ltd., and 
ADES 400 by VG Scientific, Great Britain) equipped with 
moveable hemispherical electron energy analyzers. The 
chambers also contained a low energy electron diffraction 
(LEED) optics, a cleavage device, and several metal evapo-
rators. Data were recorded on the TGM (toroidal grating 
monochromator) 5 and 6 on the wiggler/undulator beam-
line as well as on the 1 m Seya-Namioka monochromator 
beamline at the BESSY (Berliner Speicherring-Gesellschaft 
fUr Synchrotronstrahlung) storage ring in Berlin. The TGM 
monochromator gives access to a high flux of photons from 
about 30to 300eV, with resolutionE ItlE-I000undernor-
mal operating conditions. The electron analyzer was operat-
ed such that the overall resolution was about 60 meV at a 
photon energy of 55 eV for most studies; some experiments 
on the 1 m Seya were carried out with a resolution of about 
200 meV. Spectra were recorded under 40 to 50 deg angle of 
incidence of the light, and normal emission (analyzer half-
angle about 2 deg). Indium and silver were evaporated from 
a basket made of tungsten mesh, which was heated by 0.3 
mm tungsten wire; this arrangement gave reproducible 
evaporation rates, at operating pressures of 1 X 10 - \0 mbar 
and below. Aluminium was evaporated from a molecular 
beam epitaxy cell of our own design,S and operated at a tem-
perature of about 900 °C at a pressure of about 3 X 10 - \0 
mbar. Prenotched bars of GaP (undoped, carrier concentra-
tion of typically 3 X 10 - 16 cm -- 3 , n-(sulphur)-doped, car-
rier concentration of typically 2 X 1017 to 2 X IO IX em - 3, and 
p- (zinc) doped, carrier concentration 1.7 to 5.8 X 1017 ) were 
cleaved in situ, at an operating pressure of 5 X 10 - II mbar. 
The crystals were mounted in ohmic contact on a specimen 
holder which allowed cooling to about 100 K using liquid 
nitrogen. In several experiments, two crystals, doped nand p 
type, were mounted close to each other, and measured simul-
taneously, thus ensuring similar amounts of metal depo-
sition, and the exclusion of extraneous shifts due to differ-
ences in photon energy, etc. Nominal metal layer thicknesses 
were measured by a quartz microbalance. The reference lev-
el for the photoelectron spectra (the Fermi energy of the 
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electron analyzer) was measured by recording the valence 
band spectrum of a gold foil in contact with the sample, 
which was cleaned in situ by scraping with a stainless steel 
blade. The photon energy was measured to within 0.05 eV 
from core level emission excited by the second order light 
from the diffraction grating, and was carefully fixed for each 
experiment. 
III. INTERFACE CHEMISTRY: RESULTS AND 
DISCUSSION 
A. All GaP( 110): A reactive interface photoemission 
Consider first the reaction of Al with GaP ( 110). A cation 
exchange reaction has been found in many previous studies 
of aluminium interaction with (110) surfaces of the III-V 
semiconductors,6-9 through the emergence of a core level 
photoemission peak of the cation species (In, Ga) which 
gave evidence for metallic Ga or In. That a similar reaction 
takes place in AI!GaP ( 110) can be observed from the series 
of room temperature (RT) deposition spectra shown on the 
left-hand side of Fig. 1. The clean surface spectrum shows 
the Ga 3d bulk doublet along with clear evidence for surface 
core level emission at higher binding energies, which agrees 
in magnitude with a recent report. 10 In order to determine 
the influence of Al deposition on the surface Fermi level 
from the lowest coverages, doses from 0.007 A equivalent 
were used, but here we only show spectra for 0.2 A or higher 
because no effects were discernible on the Ga 3d peak below 
this dose. We observe that the valley between the two spin-
orbit partners is filled up, and a slight broadening of the 
peaks occurs. At 0.8 A aluminium, the broadening has in-
creased, and a shoulder grows at lower binding energy. This 
feature grows further (5.5 A) and eventually gives rise to 
Ga(3d) photoelectron spectra for AI/GaP(110l; "w=SO.1 eV 
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FIG. I. Set ofGa 3d spectra for AI deposition on cleaved GaP( I 10) surfaces 
at room and low (-100 K) temperatures, recorded at a photon energy of 
flU) = 50.1 eV, for different doses of AI. Band bending shifts were removed, 
and spectra were normalized to the same height such that chemical shifts 
and line shape changes can be more easily detected. Energies are referred to 
the energy of the Ga 3d 5/2 peak. 
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two sharp peaks located at about 0.9 eV towards lower bind-
ing energies, with a slightly larger spin-orbit splitting than 
the bulk Ga emission; its intensity at 11 A Al is about 2/3 of 
the bulk Ga emission. Data by Chiaradia et al.'2 for AI! 
GaP ( 110), recorded with lower resolution, also show a new 
feature at lower binding energy at similar depositions. From 
Fig. 1, it is obvious that the growth of the new feature occurs 
at roughly constant binding energy. At low temperature 
(LT, about 100 K), the spectra are very similar at intermedi-
ate coverages, but the evolution of intensity and energy is 
markedly different (right-hand side of Fig. 1). At the high-
est coverages shown, the peak from GaP still dominates the 
spectrum at RT, whereas it is almost fully suppressed in the 
spectra recorded at L T (the low temperature spectrum was 
recorded at a slightly higber Al dose, but this certainly can-
not explain the observed intensity differences). It is also 
clear from the spectra at lower doses that the binding energy 
of the new peak exhibits a shift (third and fourth spectrum 
from bottom) as a function of deposition. At those deposi-
tions at which the new peak is prominent or even dominates, 
one can recognize that its shape is quite different from that of 
the GaP substrate; the most striking difference is a marked 
asymmetry towards higher binding energies, which is the 
signature of the Doniach-Sunjic line shape characteristic of 
emission from metallic species." We therefore identify the 
new component as metallic Ga produced by the surface or 
interface reaction between Al and GaP ( 110). The different 
line shape is also evident from the line shape analysis shown 
in Fig. 3 and discussed below. 
The occurrence of such a species, and the coverage- and 
temperature-dependent behavior of its intensity and binding 
energy complement similar findings for Al deposition on 
GaAs ( 110) 20 and InP (110).21 The interpretation of these 
results, which in our view also applies to the present case of 
GaP(1lO), can be summarized as follows: deposition of Al 
on the surface ofIII-V semiconductors causes a cation ex-
change reaction, driving out Ga atoms which arrange on the 
surface in the form of three-dimensional islands or clusters . 
The notion that this reaction is suppressed at low tempera-
ture [put forward for AlIGaAs( 110)6] cannot be recon-
ciled with the strong metallic Ga peaks shown in Fig. 1, and 
also reported for GaAs and InP. What is changed by lower-
ing the substrate temperature, however, is the morphology 
of the process. At low temperatures, diffusion of the liberat-
ed Ga is strongly reduced, such that the Ga islands may be 
smaller, and once the exchange reaction is completed, being 
hindered by the reacted layer, the deposited Al will grow on 
the surface in a more laminar fashion. The inhibition of Ga 
diffusion can be derived from the spectrum in Fig. 1. If we 
assume similar rates for the exchange reaction, the amount 
of metallic Ga should be about equal in the topmost spectra . 
The much higher intensity in the metallic Ga peak at LT can 
be interpreted as being due to smaller clusters covering a 
larger fraction of the surface, whereas larger clusters leave a 
major part of the surface uncovered. Also, if the clusters 
grow beyond a mean diameter larger than twice or three 
times the electron mean free path A (under our conditions of 
extreme surface sensitivity A ~ 5 A), not all reacted material 
will be detected by the photoemission technique. Thus the 
T 
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difference in intensities of the peak from GaP and metallic 
Ga can be readily explained on the basis of the reaction and 
diffusion model. In view of the different growth morpholo-
gies a recent claim that in Al/GaAs(llO) the amount of 
released Ga is actually greater for 60 K deposition than at 
RT is therefore probably difficult to quantify. 13 
This model is further supported by the set of AI 2p core 
level spectra, shown for identical Al depositions at RT and 
LT in Fig. 2. At room temperature, the initial stages of depo-
sition give rise to a broad featureless peak extending over 
about 2 eV. Here, the changeover to a metallic state of the 
aluminium overlayer is readily distinguished by the two 
sharp peaks due to the 2p spin-orbit doublet, already visible 
at 3.3 A, but clearly established beyond this deposition; they 
also have the characteristic asymmetric line shape as demon-
strated by the top spectrum on the right-hand side. At low 
temperature, the reacted peak is much narrower, and the 
growth of the metallic lines occurs on top of this peak rather 
than at lower binding energy as observed at RT. The 
changeover from reacted to metallic species occurs at the 
same deposition at both temperatures; at this stage, much 
less material has reacted at LT, most likely due to the fact 
that the reacted layer is more homogeneous at L T than at 
RT, such that a thinner layer is already sufficient to act as 
diffusion barrier. An analysis of the line shape of the reacted 
aluminium peak is difficult in view of its rather broad and 
diffuse shape, and the reacted and metallic components can 
be distinguished without numerical analysis by direct visual 
inspection in any case; a discussion of the detailed behavior 
of this interface as a function of metal dose and substrate 
temperature will be reported elsewhere. '4 At any rate, the 
broad peak which occurs at low dose is difficult to reconcile 
with a "stoichiometric" exchange reaction Al + GaP 
Al (2p) photoelectron spectra for AI/GaP (110); 'IIW: 100.2 eV 
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FIG. 2. Set of AI2pspectra for Al deposition on cleaved GaPOIO) surfaces 
at room and low (-100 K) temperatures, recorded at a photon energy of 
fUu = 100.2 eV, for different doses of AI. Band bending shifts were removed, 
and energies are referred to the energy of the Al 2P3!2 peak. Within each 
experiment, spectra were normalized to the photon flux. 
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-+ AlP + Ga; its width (even a spin-orbit splitting cannot be 
discerned) suggests a multitude of bonding configurations. 
This is in line with the loss of crystalline order in the surface 
as judged from the disappearance of the LEED pattern. 
For the Ga 3d peak, additional information can be ob-
tained through line shape analysis, and this is shown for two 
different coverages of Al in Fig. 3, recorded for equal cover-
ages such that a direct comparison is possible. In order to 
achieve a reasonable line fit, four different spin-orbit doub-
lets were needed. These were modeled by Lorentzians (with 
a width related to the lifetime broadening) convoluted by a 
Gaussian representing the instrumental broadening and oth-
er broadening effects such as inhomogeneous pinning. The 
parameters for each doublet (intensity, peak position, Gaus-
sian half-width, and asymmetry) were subjected to a least-
squares optimization based on the Marquardt algorithm. IS 
For all coverages, the values for the spin-orbit splitting 
(0.44 eV) branching ratio (0.66), and Lorentzian full width 
at half-maximum (FWHM) (0.15 e V) of the four compo-
nents were held constant. Two of the components (the main 
peak and a component at higher binding energies, both 
drawn as lines) correspond to the surface and bulk emission 
on GaP(llO), while the other two account for emission 
from new species caused by the AI-GaP interaction. Up to 
0.01 A of nominal Al coverage, only the bulk and surface 
substrate components are detected, the latter evident by a 
shoulder towards higher binding energy (Fig. 1). Their rela-
tive position is consistent with the reported surface core level 
shift of Ga( 3d) in GaP ( 110), i.e., 0.32 + 0.02 e V to higher 
binding energies. \0 The values of the Gaussian full width at 
half-maximum (FWHM) of both components in this cover-
age regime (0.22 eV typically) were similar as those of the 
clean surface. At progressively higher Al coverages they be-
come broader (FWHM increases up to 0.32 eV), and two 
new components, shifted to lower binding energies develop, 
shown by the hatched and shaded curve, respectively. 
The shifts of these two new components with respect to 
the bulk emission are found to be nearly independent of the 
metal coverage, and are very similar at RT and at LT, in 
contrast to what has been reported for Al on InP( 110).6 The 
AI/Go P (1101 
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FIG. 3. Line shape analysis of the Ga 3d core level region for two doses of 
aluminium on GaP( 110) at room and low temperatures, recorded at 
fUu = 50.1 eV. Doublets drawn as lines are bulk and surface Ga emission, 
hatched component is interface Ga, and shaded component is due to ele-
mental (metallic) Ga (see the text) . 
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component with the highest shift appears in Fig. 3 as a 
shaded area. The value of the shift (0.9-0.95 eV) indicates 
that it is associated with elemental (henceforth called "me-
tallic") Ga, liberated in the AI-Ga exchange reaction. The 
fourth component (named "interface" Ga), with a charac-
teristic shift of 0.40 + 0.05 eV, appears on the figures as a 
hatched area. It seems to be an interface related feature, 
since its contribution is more pronounced at intermediate 
metal coverages; at room temperature and 4.3 A metal cov-
erage, it cannot be discerned. This fact and the lower shift are 
probably the reasons why its presence may not be noticed in 
a simple visual inspection of the raw data, whereas it appears 
very clearly in the least-squares line shape analysis. A similar 
component has been also recently observed in high resolu-
tion photoemission studies of Fe/GaAs( 110) 16 and Inl 
GaP ( 110).17 While the component associated with elemen-
tal Ga exhibits the characteristic D-S asymmetry of met-
als, II particularly obvious in the two upper spectra, the inter-
face feature does not. Also, a distinctly different evolution of 
the broadening with metal deposition is observed for these 
two components. The elemental Ga component becomes 
better resolved with increasing Al deposition. Its Gaussian 
FWHM sharpens at high Al coverages to values around 100 
meV, close to the experimental resolution, indicating a well 
defined environment. In contrast, the interface component is 
always very broad. Its Gaussian FWHM is typically 0.5 eV, 
which suggests that this component contains contributions 
from interface atoms bonded in different chemical configu-
rations. 
The evolution of these two species with Al deposition is 
found to be clearly dependent on the substrate temperature. 
The component representing elemental Ga liberated in the 
exchange reaction is only observed at R T for Al coverages 
larger than 0.2 A. At L T however, a higher dose is necessary 
to detect its presence. Considering this component as a mon-
itor for the cation exchange reaction, it seems that the onset 
of the reaction is actually retarded by lowering the tempera-
ture, although the effect is not very strong. Such onsets 
should be understood as "apparent onsets," since the Al 
doses required in both cases are very small. The fact that no 
emission from the elemental or metallic Ga component can 
be distinguished before these coverages may then be simply 
due to experimental limitations. Keeping in mind this consi-
deration, what our results unambiguously indicate is that the 
replacement reaction proceeds more slowly at LT. The in-
tensity dependence of the elemental Ga component with 
metal coverage further confirms such conclusion, since its 
maximum intensity is reached at 2 A of nominal Al coverage 
for RT, and at 3 A for LT. The lower value obtained at LT 
may be due to several reasons: a real reduction ofthe disrup-
tive reaction, a smaller tendency of the exchanged Ga atoms 
to segregate at the free surface, andlor to the different 
growth mode of the metal ad layer. Once the maximum is 
reached, the intensity stays nearly constant at RT, being 
slightly attenuated at LT. This different attenuation may 
probably be explained in terms of the different adlayer 
growth mode. At RT, the elemental Ga liberated from the 
substrate segregates to the free surface, presumably forming 
metallic clusters, either between the Al islands or floating on 
J. Vac. Sci. Technol. B, Vol. 8, No.4, JullAug 1990 
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top of them, and therefore its signal suffers no attenuation. 14 
Temperature studies on other reactive interfaces have re-
ported that at L T the released cation atoms are kinetically 
trapped at the buried interface. 18 This can be ruled out for 
the AI/GaP ( 110) system on the basis of our results. Data 
for Al coverages of more than 5 A show that the attenuation 
of the elemental Ga component at L T is substantially lower 
than that of the Ga 3d signal from bulk GaP. It indicates that 
the "metallic" phase Ga atoms released at L T are not buried 
at the interface, but located somewhere closer to the surface. 
The interface feature of the Ga 3d spectrum is clearly 
stronger at LT than at RT (compare the lower spectra in 
Fig. 3), in contrast to what happens with the component 
attributed to metallic gallium. At room temperature the in-
terface feature is in fact very weak. It can only be detected for 
Al coverages of more than 0.2 A, i.e., simultaneously with 
the component due to the exchange reaction. Its highest in-
tensity, which is in fact found at Al coverages of about 0.7 A, 
amounts to only 25% of the maximum signal from segregat-
ed elemental Ga. Thereafter, its intensity decreases very 
quickly with metal deposition (much faster than the corre-
sponding substrate bulk signal), so that it cannot be seen for 
Al coverages higher than 3 A. At low temperature, however, 
the behavior of the interface component is very different. Its 
presence can be detected at Al coverages as low as 0.07 A, 
even before the exchanged Ga (Fig. 1). Then it grows very 
quickly and reaches a maximum at about 0.7 A. Its contribu-
tion is clearly significant at L T as evident from the line shape 
analysis of Fig. 3. Its maximum signal is more than twice 
than at R T, and for Al coverages less than 2 A its intensity is 
higher than the one from segregated Ga. As was already 
mentioned, the interface component is only relevant at inter-
mediate coverages. For Al depositions exceeding 1 A it de-
creases gradually in intensity, being negligible at high cover-
ages (more than 7 A). This attenuation is found to be quite 
similar to that of the substrate bulk peak. 
All these observations seem to confirm the hypothesis that 
the Ga 3d "interface" species represents the contribution of 
Ga atoms in contact with Al adatoms but not exchanged with 
them. Such Ga atoms would be located just at the metal/se-
miconductor interface, presumably below the Al clusters. 
This would explain why the signal is higher at LT (where the 
Al growth is more laminar), increases as the Al atoms cover 
the substrate surface, and is attenuated as is the substrate 
signal. For the RT regime, where Al clustering is more pro-
nounced, the number of Ga atoms from GaP in contact with 
Al would be obviously lower, and also their contribution 
would be more quickly attenuated than the substrate signal 
as Al islands grow in size. From our data at R T it is also 
possible that, for Al coverages higher than 0.7 A, the ex-
change reaction affects Ga atoms that initially contributed 
to the interface species. 
B. Examples of unreactive interfaces: In/GaP(110) 
and Ag/GaP(110) 
Having identified the species which lead to the appearance 
of the photoemission features in the reaction of Al with 
GaP ( 110), let us turn to the In/GaP and Ag/GaP systems. 
T 
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These two metals are considered largely unreactive, such 
that less drastic changes in the spectra are expected; how-
ever, Vitomirov et al. 18 have argued that a small amount of 
Ga is in fact liberated from the substrate, on the basis of Ga 
3d line shape analysis for room temperature data. Some of 
our data on this system have already been reported, 17 thus 
we restrict ourselves to a few representative results, and con-
centrate on the question whether the core level photoemis-
sion data for this system recorded at R T and L T can in fact 
be interpreted in terms oflimited In-Ga exchange reaction. 
Consider first the RT Ga 3d spectra for two different indium 
coverages shown in Fig. 4. Due to the proximity of the Ga 3d 
and In 4d peak, any additional features [such as the reacted 
species in the case of AI/GaP ( 110) ] may be obscured. How-
ever, we can utilize the opportunity provided by a synchro-
tron radiation source to tune the photon energy, and the 
differences in photoionization cross section for these levels. 
The In 4d level exhibits a Cooper minimum in the cross 
section; at fzw - 50 e V, its cross section is about 8 times high-
er than that of the Ga 3d level, but for fzw - 100 e V, it drops 
to only 1/10 of the Ga 3d cross section. 19 This is shown by a 
comparison of the spectra shown in Fig. 4, particularly in 
those for 8 A In deposition. The In 4d peaks are appreciably 
more intense than the Ga 3d ones at 54.1 eV, but at 
fzw = 108.2 eV (these data actually being recorded using the 
In/GaP(l'O) at room temperature 
llw 
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FIG. 4. Ga 3d and In 4d core level region recorded at fvu = 54.1 eV and 
lieu = 108.2 eV, for indium deposition on GaP( 110) at room temperature 
and for two selected coverages. Note the simultaneous decrease of the In 4d 
intensity and of the emission in the valley between Ga 3d and In 4d peaks for 
fvu = 108.2 eV, and the absence of any new Ga feature in the valley. Spectra 
were normalized to emphasize changes in the line shape, and band bending 
shifts were compensated for. 
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second order radiation from the monochromator grating) 
they have dropped by a factor of9. Consider the emission in 
the valley between the Ga and In peaks (about 0.7 eV 
towards lower binding energies with respect to the Ga 3d 5/2 
line), in which also some intensity seems to occur, although 
it is difficult to judge without line shape analysis whether or 
not it is due to the tailing of the asymmetric In metal peak. 
N ow the change in intensity also occurs in the valley between 
the In and Ga peaks; this behavior is also evident for the 
lower coverage (2 A, bottom spectra). It is obvious that the 
extra emission in the "valley" decreases with the indium 
peaks, and there is no sign of emission due to Ga-related 
features; our conclusion is thus that no exchange reaction 
can be inferred from the room temperature deposition data 
of In/GaP ( 110), contrary to the model put forward by Vito-
mirov et al. IH 
Spectra for In deposition at low temperature complement 
these findings. Consider the data recorded for different doses 
at LT in Fig. 5. As in the case of Al/GaPCllO) we note a 
much quicker decrease of Ga 3d intensity with In deposition 
in the spectra recorded with fzw = 54.1 eV, the causes of 
which certainly lie in the changed morphology as discussed 
for AI. However, another change compared with the spectra 
in Fig. 4 is in the shape of the valley between the In and Ga 
peaks. This has become much more structured, and at inter-
mediate depositions (6 A) a faint shoulder peak on the Ga 
3d can be discerned; at higher depositions (12 A) the Ga 
In/GaP! 110) lOW temperature 
flw=54.1eV 
12A In 1iw = 108.2 eV 
1 .' ' . ; . 
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FIG. 5. Ga 3d spectra for three doses of In on GaP( 110), recorded at 
Ilcu = 54.1 eV at low temperature. The inset shows the final dose (12 A) 
recorded at fvu = 108.1 eV, where the interface Ga species is visible due to 
the reduction in intensity of the In 4d line doublet. For an explanation of the 
line shape analysis, see the text. 
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signal is too faint to detect any structure. It is still quite 
prominent in spectra recorded at higher photon energies by 
virtue of the Cooper minimum discussed above as shown in 
the inset of Fig. 5. A numerical line shape analysis such as 
carried out for the case of AI/GaP ( 110), and also displayed 
in the inset of Fig. 5, reveals the finer details. It is immediate-
ly clear that the extra emission originates from a Ga species, 
because of the spin-orbit splitting which is very similar. We 
have studied this species over a range of depositions, and 
found that it is usually quite faint, and only reaches its maxi-
mum intensity (less than one monolayer equivalent) at low 
temperatures and intermediate coverages, just as the inter-
face Ga feature discussed in the data of AI/GaP ( 110) above. 
This result suggests that the extra emission, which is shifted 
with respect to the bulk Ga emission by 0.37 eV towards 
lower binding energies, is not related to a species resulting 
from an interface chemical reaction, since one would expect 
a larger signal as in the case of AI/GaP above. An interpreta-
tion in terms of metallic Ga is also unlikely from the binding 
energy of the peak, and the peak shape which can be readily 
shown not to be asymmetric. 17 It is also unreasonable to 
assume that a metallic, exchanged Ga species would be more 
intense at LT than at RT, as is seen for the shifted peak in the 
data of Figs. 4 and 5. We interpret the new peak as due to 
surface Ga atoms which are in contact with deposited In 
atoms similar to the component found for AI/GaP above. 
The line shift with respect to the bulk level could well be due 
to a final state effect, the hole on the surface Ga atom being 
more effectively screened by the neighboring In atoms. This 
interpretation of the feature as an interface species is also in 
accord with the temperature behavior; at low temperature, 
with a more smoothly growing In film, more of the surface 
Ga atoms in contact with the In over layer are "visible" on 
photoelectron spectroscopy. Thus In/GaP( 110) can be con-
sidered as a truly unreactive interface; an examination of the 
P 2p level would be helpful in support of this interpretation, 
but even in the case of the strongly reactive AI/GaP there 
was very little change in the shape of the P 2p line. 14 
From previous results for Ag/GaAs( 110)20 and 
Ag/InP( 110),21 one would expect very little sign for inter-
face reactions also for the system Ag/GaP( 110).22 This is 
borne out by the data for the Ga 3d and Ag 4d and valence 
level for room temperature deposition shown in Fig. 6. The 
Ga 3d peak shows very little sign of change, except for some 
broadening and filling of the slight valley between the d 3/2 
and d 5/2 peaks at depositions of 11.5 A and beyond. The 
shifts shown here at these depositions are related to the 
changes in band bending discussed below. The Ag 4d and 
valence region spectra are not normalized to the photon flux 
here in order to display low deposition features more clearly. 
At 1.4 A Ag, a broad peak from the GaP valence band is still 
prominent in the spectra; it is attenuated upon further doses, 
and the features in the Ag dband develop into sharper struc-
tures. 
IV. SURFACE FERMI LEVEL POSITION AND 
SCHOTTKY BARRIER HEIGHTS 
According to the interpretation of the core level photoe-
mission results described above, aluminiuim overlayers on 
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FIG. 6. Sets of spectra for different doses of Agon n-type GaP( 110) deposit-
ed at room temperature, showing the Ga 3d region as well as the valence 
band region. Spectra were normalized to the same height to emphasize line 
shape changes. 
GaP(1IO) induce a strong interface reaction while In and 
Ag overlayers do not. This strong difference in reactivity 
may have an effect on the coverage dependence of the surface 
Fermi level, at least for thin overlayers,23.24 and the study of 
surface Fermi level as a function of metal dose is in any case 
important, since it allows us to determine the Schottky bar-
rier height ¢b' the principal parameter of interest in such 
junctions. We will first discuss Ag overlayers, because an 
interesting effect was observed in the course of these experi-
ments, which concerns the application of photoelectron 
spectroscopy for the determination of ¢b in general. The 
usual procedure for obtaining ¢b is to determine the precise 
binding energy of a sharp core level with respect to the va-
lence band maximum (VBM), and to measure the initial 
position of the VMB with respect to the reference level in the 
photoemission experiment, usually by recording a metallic 
Fermi level. The energy shifts in the VBM and thus in the 
surface Fermi level can then be derived from shifts in the 
core level, which can be seen up to high coverages when the 
VBM is totally obscured by emission from the metal over-
layer. This method assumes that the photons used for ioniza-
tion do not disturb the charge equilibrium in the semicon-
ductor.For the present case of Ag/GaP, this assumption is 
not a valid one as shown by the set of valence band spectra in 
Fig. 7, recorded for various Ag coverages deposited at room 
temperature. The clean surface VBM of (n-type) GaP ( 110) 
has the Fermi level pinned at about 1.8 eV above VBM, most 
likely due to the empty surface state identified by Drube et 
al. 25 Depositions of Ag lead to the appearance of a metallic 
Fermi edge, still slightly broadened due to island size effects 
at 4.8 A Ag, but sharp and intense at 19 A. What is unusual is 
the shift of this edge by an amount an = 0.5 eV towards 
lower binding energies with respect to the reference Fermi 
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level. For p-type substrates, the Fermi edge emission of the 
Ag overlayers appears shifted by D.p above the reference level 
emission. The total distance D. = D.p + D. n is found to coin-
cide closely with the distance between the Ga 3d core level 
lines. This indicates the existence of a shift different in sign 
for the two doping types and equally affecting emission fea-
tures from both overlayer and substrate. We can exclude 
charging as a source for the shifts, as checked in experiments 
on the clean surface; it is also incompatible with the observed 
shifts because of the opposite sign of D. n and D.p. This fact 
also rules out charging of the metal clusters such as observed 
for Ag on graphite by Wertheim et al.26 Similar results were 
obtained for In and Al overlayers on GaP ( 110) as discussed 
below. The shifts D. n and D.p demonstrate that in the surface 
layer, a nonequilibrium situation is present. As reported 
elsewhere,27 we contend that the shifts are due to the pres-
ence of a surface photo voltage (SPV), 28,29 caused by the inci-
dent light used for photoexcitation. The mechanism for this 
process is as follows. In an equilibrium situation, the pres-
ence of the metallic overlayer is assumed to give rise to a 
surface band bending Vbb • 1-3 The creation of electron-hole 
pairs by the incident light and/or secondary processes will 
lead to a nonequiIibrium situation if recombination can be 
neglected. The potential difference Vbb causes the electrons 
to be driven into the bulk, whereas the holes are trapped near 
the surface, compensating the space charge, and producing a 
rigid shift of all semiconductor and metal levels. It thus ac-
counts for the occurrence of the overlayer metal Fermi edge 
at lower (or, for p-type material, at higher) energy than the 
reference Fermi level. This local charge compensation re-
duces the band bending caused by the metal overlayer. This 
is a self-limiting process since the surface band bending is 
needed to separate or trap the mobile carriers. Such effects 
have previously been observed in photoemission from semi-
conductor surfaces through secondary illumination by high 
power visible or near-ultraviolet light sources by Margari-
tondo et al.30 Similar phenomena, induced by the light 
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source used for photoexcitation itself, have been reported in 
photoemission experiments with Si surfaces at low tempera-
tures by Demuth et af. 31 Previous investigations have shown 
that its magnitude depends on photon flux, surface recombi-
nation, and band bending. spy increases exponentially with 
EglkT, where Eg is the fundamental gap width.28,32 For 
clean silicon surfaces, Demuth et al. 31 were able to complete-
ly compensate the band bending solely by irradiation with 
the UV source used for photoionization, by lowering the 
substrate temperature (to below 50 K), which drastically 
reduces carrier recombination. This suggests that, while re-
combination has to be suppressed by lowering the tempera-
ture in clean silicon (Eg = 1.12 eV) in order to obse~ve the 
Spy effect, the phenomenon can be observed at room tem-
peratureinAg-coveredGaP(1lO) (Eg = 2.25eV) as shown 
by the data in Fig. 1. For metal-covered semiconductors, the 
study of Ag on n-type CdTe(100) by John et al. 33 also re-
ports a shift of the Fermi level in the photoelectron spec-
trum, although in the opposite direction from that found 
here. Heche4 has recently presented calculations which sug-
gest that surface photovoltage effects may be reasonable for 
differences in Fermi level pinning behavior observed for 
room temperature and low temperature deposition onto 
GaAs ( 11 0). These calculations would explain recent pho-
toemission results by Aldao et al. 36 which showed a strong 
temperature and doping dependence of the band bending 
induced by Ti, Co, and Ag on GaAs ( 110). Aldao et al. ex-
plained their results in terms of a (ground state) "dynamic 
coupling model" which involves quantum mechanical cou-
pling between metal adatoms and the semiconductor sub-
strate beyond the depletion region. It appears that these re-
sults can be explained quite simply in terms of a surface pho-
tovoltage (a photoemission final state process) which be-
comes important in GaAs at lower temperatures, thereby 
creating the observed differences. This reinterpretation of 
low temperature band bending results may also be relevant 
to the large number of studies of other metals on GaAs and 
-------------~- ~--~ 
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InP surfaces, and to the interpretation of differences in band 
bending for n- and p-type substrates.23 These issues are dis-
cussed in a more detailed report on SPY effects in photoe-
mission. 27 
The large SPY observed here in photoelectron spectrosco-
py from Ag overlayers on GaP( 110), and its persistence up 
to very high metal depositions (it is still clearly visible at a 
dose of 40 A Ag equivalent) in particular, has obvious conse-
quences for the determination of temperature-dependent 
surface band bending and Schottky barrier height. From the 
data such as shown on the left-hand side of Fig. 7, we derive 
the surface Fermi level in the manner described above for 
both n- and p-type material. The corresponding data are 
shown on the right-hand side of Fig. 7. Open symbols denote 
the uncorrected data points evaluated without taking ac-
count for the nonequilibrium situation, while filled symbols 
indicate the data after correction for the surface photo vol-
tage; the corrections (6.n and 6.p ) are shown by arrows. 
Note that photoemission will not yield reasonable values 
about band bending at coverages when a Fermi edge has not 
been established, such that the correction 6. n and 6.p cannot 
be evaluated. The uncorrected values show the large differ-
ence between Fermi level position for n- and p,-type sub-
strates over a wide range of depositions. Correction by the 
SPY yields quite a different picture: the Fermi level positions 
are quite close even at low depositions, and are within less 
than 100 meV once the sharp Fermi edge has evolved. For 
the present purpose of Schottky barrier height determina-
tion it is also important to note that the final Fermi level 
position is only established at very high depositions, where 
substrate emission is barely detectable (minimum layer 
thickness more than 30 A). If we were to base the determina-
tion of the Schottky barrier height <P b on coverages as low as 
10 or 20 A, the final value would be missed. This may be one 
reason why the Schottky barrier for Ag on n-type GaP ( 110) 
derived here (<Ph = 1.5 eV) differs appreciably from that 
reported by Chiaradia et al. (<Ph = 1.08 eV).12 
Figure 8 shows similar data for Ag and In overlayers re-
corded at low substrate temperature. The surface Fermi lev-
el data points have the same meaning as in Fig. 7 as far as 
corrections for surface photovoltage are concerned. For Ag, 
we observe even larger corrections for .6. n (up to 0.9 eV), 
somewhat large than at room temperature for 6.p ' and the 
establishing of a metallic Fermi level emission at lower depo-
sitions as expected from the discussion of overlayer mor-
phology above. The final LT value for <Pb is within 100 meV 
of the room temperature value which is also given in the 
figure for comparison. In the lower part of Fig. 8, the data for 
indium exhibit a very similar trend, with large corrections 
for SPY up to 20 A. The low temperature value for tPb again 
agrees well with the room R T value. 
It has been argued that reactive and unreactive metal-
semiconductor interfaces may exhibit differences in the way 
the surface Fermi level depends on the amount of metal de-
posited, and such differences have in fact been found at room 
and low temperatures. 23 Our study of surface Fermi level 
movement in AlIGaP reveals that there are no strong differ-
ences between the surface Fermi level dependence for AI on 
the one hand and In or Ag on the other. This can be derived 
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FIG. 8. Position of surface Fermi level as a function of metal dose for Ag/ 
GaP( 110) (upper panel) and In/GaP ( I 10) at low temperature. In both 
cases, considerable shifts due to a surface photovoltage occur, indicated by 
the arrows (see the text). For both metals, the final room temperature 
pinning level is also shown. Open and full symbols have the same meaning 
as in Fig. 7. 
from the LT data in Fig. 9. The uncorrected data points 
would indicated that very little change in the position of the 
Fermi level occurs as a function of coverage for either n- and 
p-type substrates. As mentioned above, the SPY corrections 
can only be applied once a metallic Fermi edge is obtained 
from the overlayer, which in case of Al occurs at about 5 A. 
At this stage the Fermi levels are actually found to coincide, 
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FIG. 9. Same as Fig. 8 but for AI/GaP ( I 10) at room temperature (upper 
panel) and at low temperature (lower pane\). In both cases, noticeable 
shifts due to surface photovoltage occur, indicated by the arrows (see the 
text). The final pinning position is found to be the same in both cases. 
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such that no further movement occurs. The data for room 
temperature deposition of AI, which are somewhat more 
complicated due to the clustering processes will be reported 
elsewhere. 
From the data contained in Figs. 7, 8, and 9, the value of 
the Schottky barrier height ¢b for the three metals on n-type 
GaP(1lO) can be compared. The values are ¢tg = 1.50 eV, 
¢~n = 1.32 eV, and ¢tl = 1.37 eV. These data deviate strong-
ly from values previously found for these metals on 
GaP( 110) by photoelectron spectroscopy by Chiaradia et 
al.,12 for the case of In/GaP ( 110) by about 1 eV. These 
workers recorded the Schottky barrier height for metals 
which span a work function range of about 1 eV, and found a 
linear behavior of Schottky barrier height with metal work 
function, and concluded that for different metals on 
GaP( 110), the "Schottky limit" applied. 2 For many other 
semiconductor substrates, including the widely studied 
GaAs ( 110), current thinking relates Schottky barrier 
height with the action of metal-induced (or virtual) gap 
states (MIGS or ViGS), which, by being filled with elec-
trons up to a specific charge neutrality level (CNL), domi-
nate the establishment of the Schottky barrier. I- 3•23 This 
concept, while being modified at low coverages where metal-
induced donors23 or metal-induced defects may playa role in 
Fermi level pinning, is widely regarded as providing the cor-
rect explanation for the experimental observation that the 
pinning position of the Fermi level for a wide variety of met-
als on many semiconductors is restricted to a small range of 
energies. Thus a clear-cut example of the opposite behavior, 
the dependence of ¢b on metal work function predicted by 
Schottky and Mott, is most interesting since it might reveal 
the limits for the midgap theories. 
The reasons for the discrepancy between our data and 
those of Chiaradia et al. 12 are not clear at present. We have 
shown above that surface photovoltage influences the deter-
mination of ¢b even at room temperature; however, the ef-
fect of SPY, leading to flatband conditions at intermediate 
coverages, would tend to narrow the range of band bending, 
in contrast to what was found by Chiaradia et al. The final 
pinning values used by Chiaradia et al. were for room tem-
perature deposition, and for depositions of 20 A equivalent. 
Here, according to the data presented in Fig. 7 (room tem-
perature Ag) we are still away from the final value by more 
than 0.45 eV. For this situation it appears likely that the 
Spy -induced shifts influence the determination of ¢b' They 
certainly have wider and more general implications for the 
study of coverage-dependent band bending induced by metal 
overlayers on semiconductors by photoemission. 
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